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Abstract
Background—Studying HIV transmission networks provides insight into the spread of HIV and 
opportunities for intervention. We identified transmission dynamics among risk groups and racial/
ethnic groups in the United States.
Methods—For HIV-1 pol sequences reported to the U.S. National HIV Surveillance System 
during 2001–2012, we calculated pairwise genetic distance, identified linked pairs of sequences 
(those with distance ≤1.5%), and examined transmission category and race/ethnicity of these 
potential transmission partners.
Results—Of 40,950 sequences, 12,910 (32%) linked to ≥1 other sequence. Of men who have sex 
with men (MSM) who linked to ≥1 sequence, 88% were linked to other MSM and only 4% were 
linked to heterosexual women. Of heterosexual women for whom we identified potential 
transmission partners, 29% linked to MSM, 21% to heterosexual men, and 12% to persons who 
inject drugs. Older and black MSM were more likely to be linked to heterosexual women. 
Assortative mixing was present for all racial/ethnic groups; 81% of blacks/African Americans 
linked to other blacks.
Conclusions—This analysis is the first use of U.S. surveillance data to infer an HIV 
transmission network. Our data suggest that HIV infections among heterosexual women 
predominantly originate from MSM, followed by heterosexual men. Although few MSM were 
linked to women, suggesting that a minority of MSM are involved in transmission with 
heterosexual women, these transmissions represent a substantial proportion of HIV acquisitions by 
heterosexual women. Interventions that reduce transmissions involving MSM are likely to also 
reduce HIV acquisition among other risk groups.
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Introduction
The study of HIV transmission networks provides insight into the spread of HIV, and thus 
into opportunities for intervention [1–5]. By using HIV nucleotide sequence data, we can 
construct transmission networks that link persons who are infected with genetically similar 
HIV variants [5–7]. Linked persons are likely to have a direct or indirect epidemiologic 
connection and represent potential transmission partners. The extent to which transmission 
occurs between people who are similar or different with respect to race/ethnicity and risk 
characteristics is unclear, and network data can aid in understanding transmission dynamics 
(reviewed in [1]). For example, understanding the links between different populations can be 
particularly useful in elucidating transmission routes for heterosexual women, who are often 
unaware of the HIV risk behaviors of their partners [8, 9]. Moreover, persons whose HIV 
sequences are similar to (i.e., are linked to) many other sequences are of particular interest 
for prevention, as these persons may be part of a dense section of a transmission network, 
and, therefore, most likely to transmit HIV. These data can help HIV researchers and public 
health professionals move beyond understanding which groups are affected by HIV to 
understanding how HIV spreads within and between populations.
Previous studies have investigated the contribution of demographic and risk characteristics 
of transmission networks [6, 7, 10–17]. The few studies that have explored transmission 
networks in the United States focused on a single geographic location; one exception, a 5-
site study of U.S. transmission networks, did not explore transmission between risk groups 
[14]. Since 2001, as part of the U.S. National HIV Surveillance System, the Centers for 
Disease Control and Prevention (CDC) has funded projects in 21 states and the District of 
Columbia to collect HIV sequence data from persons living with HIV infection. This data 
set, which is 1–2 orders of magnitude larger than previous investigations into HIV in the 
United States, incorporates a rich set of variables collected by the National HIV Surveillance 
System, including demographic and clinical characteristics and risk information.
The aim of this analysis was to use U.S. surveillance data to construct an HIV transmission 
network, explore HIV transmission between different demographic and risk groups, and 
describe persons with many potential transmission links. These findings will supplement 
current understanding of how HIV spreads between risk and racial/ethnic populations in the 
United States and can be used to tailor prevention interventions.
Methods
Sources of Sequence Data and Inclusion Criteria
We analyzed HIV-1 pol sequences reported through the National HIV Surveillance System 
during 2001–2012. These sequences were collected in various jurisdictions (Figure 1) 
through three drug resistance surveillance projects: Antiretroviral Drug Resistance Testing 
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(ARVDRT, 2001–2007); the Dried Blood Spots project (DBS, 2004–2009); and Variant, 
Atypical, and Resistant HIV Surveillance (VARHS, 2004–2012) [18].1 Remnant diagnostic 
specimens (ARVDRT and VARHS) and dried blood spots created from remnant specimens 
or new fingersticks (DBS) were shipped to a contract laboratory for CDC-funded 
antiretroviral drug resistance testing. During the last 2 years of VARHS, sequence data were 
instead collected from routinely performed genotypic resistance tests conducted at 
commercial, private, and public laboratories that were reported to the National HIV 
Surveillance System.2 We did not include sequences from other databases (e.g., GenBank), 
because we are unable to ensure that these sequences do not originate from persons already 
included in our surveillance system.
Our analysis included one sequence per person aged ≥ 13 years. When more than one 
sequence was available (10% of persons), we selected the longest sequence. We excluded 
sequences that were less than 500 nucleotides in length because our transmission network 
approach has not been validated for very short sequences.
Sequence Analysis and Construction of Network
To construct the transmission network, we followed the protocol outlined by Wertheim et al 
[6] using HIV-TRACE (HIV TRAnsmission Cluster Engine; available at hivtrace.org). We 
aligned each of the 41,304 HIV sequences in a pairwise fashion to the HIV reference 
sequence HXB2 (positions 2253 to 3869), then computed pairwise distances for all 
sequences (>850 million comparisons). Tamura-Nei 93 (TN93) genetic distance ≤1.5% was 
considered evidence of possible linkage. The choice of nucleotide substitution model has 
been shown not to affect genetic distance estimation for short genetic distances [19]. We 
excluded 10 sequences that were closely related to HXB2, a common laboratory control, as 
we deemed them possible contaminants. We described characteristics of the network, 
including the number of sequences (nodes), links (edges) and clusters (groups of linked 
sequences). All resulting data sets were analyzed in SAS version 9.3 (SAS Institute, Cary, 
NC).
Measures
Data reported to the National HIV Surveillance System do not include personally 
identifiable information such as name, address, or phone number. Data on age at HIV 
diagnosis, sex, race/ethnicity, transmission category, area of residence at diagnosis, and 
country of birth are reported using standard CDC classification schemes. Race/ethnicity was 
categorized as white; black or African American (hereafter referred to as ‘black’); Hispanic 
1Jurisdictions participating in ARVDRT included Colorado, Illinois, Maryland, and Seattle/King County (Washington). DBS included 
Chicago, Los Angeles County, Minnesota, and New York (excluding New York City). The first period of VARHS (2004–2007) 
included Chicago, the District of Columbia, Florida, Indiana, Louisiana, Massachusetts, Michigan, Mississippi, New Jersey, New York 
(including New York City), North Carolina, Pennsylvania (excluding Philadelphia), Puerto Rico, South Carolina, Texas (excluding 
Houston), Virginia, and Washington. The second period of VARHS (2008–2012) included Chicago, Colorado, Connecticut, Florida, 
Los Angeles County, Louisiana, Michigan, New York City, South Carolina, Texas (excluding Houston), and Washington.
2States and U.S. territories collect and report demographic, behavioral, clinical, and laboratory data on persons diagnosed with HIV 
infection in accordance with public health disease reporting requirements in their jurisdictions and voluntarily share those data with 
CDC as part of the NHSS for national level analyses. Therefore, each state has primary authority for determining whether their laws 
and regulations permit the submission to GenBank or other open databases, and CDC is not able to submit sequences to these 
databases.
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or Latino; Asian, Native Hawaiian, and Other Pacific Islander; or other (including American 
Indian/Alaska Native and multiple races). Transmission categories included male-to-male 
sexual contact (men who have sex with men, MSM), MSM who inject drugs, persons who 
inject drugs (PWID, stratified into male PWID and female PWID), heterosexual contact 
(stratified into heterosexual men and heterosexual women), and other (includes hemophilia, 
blood transfusion, perinatal exposure, and risk factor not reported or not identified). Missing 
data for transmission category were assigned using multiple imputation procedures 
employed for standard National HIV Surveillance System reports; these procedures have 
been described in detail elsewhere [20]. Multiple imputation was required for 15% of 
persons included in this analysis.
Analysis of Mixing by Transmission Category and Race/Ethnicity
To understand the extent to which HIV transmission occurs between persons of the same or 
different race/ethnicity or transmission category, we analyzed the characteristics of potential 
transmission partners. To account for bias arising from persons with multiple links, each 
potential transmission partner for a person is weighted based on the number of links 
associated with the person (k). The weight is simply 1/k for each of the k links. To further 
explore links between MSM and women, we examined (i) the proportion of MSM that 
linked to heterosexual women and (ii) the proportion of heterosexual women that linked to 
MSM. Both analyses were stratified by age, race/ethnicity, population of area of residence, 
and U.S. census region; chi-square tests were used to assess differences between subgroups.
Analysis of Persons with Multiple Potential Transmission Links
Next, we compared three groups: persons who did not link, persons who linked to 1–3 other 
persons, and persons who linked to ≥4 other persons (i.e., those in the highest quartile of 
those persons with any links). We used multivariable logistic regression to identify 
characteristics associated with having ≥4 links, compared with having 0–3 links. The model 
included age at HIV diagnosis, race/ethnicity, transmission category, population of area of 
residence, and country of birth.
Sensitivity Analyses
To assess the sensitivity of our findings to assumptions such as distance threshold and the 
inclusion of codon positions associated with drug resistance mutations, we repeated all of 
the above analyses with the following changes in parameters from our baseline analysis 
(which had a TN93 distance threshold of 1.5% and retained all codons): (i) distance 
threshold of 1.0%, (ii) distance threshold of 2.0%, and (iii) removal of 48 codons associated 
with drug resistance mutations [18].
Results
We had 47,821 HIV-1 nucleotide sequences belonging to 41,549 persons. In all, 599 
sequences were excluded (245 belonged to persons aged <13 years at diagnosis, 344 were 
shorter than 500 nucleotides, and 10 were possible contaminants). In all, 40,950 sequences 
were included in this analysis. Of the persons with sequences included in this analysis, 78% 
were male, 62% were aged 20–39 years, 47% were black, 61% were MSM, 84% lived in 
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areas with population ≥500,000, and 64% were known to be born in the United States (Table 
1).
In all, 12,910 (32%) sequences linked to at least one other sequence and were included in 
the network, which contained a total of 29,493 links (edges). The number of links per person 
ranged from 1 to 83 (median: 1, interquartile range: 1–4). There were 3,584 distinct clusters, 
with the number of sequences per cluster ranging from 2–85 (median: 4, interquartile range: 
2–9). The inferred proportion and distribution of linked sequences conforms to expectations 
under a preferential attachment, scale-free network [5, 6].
Mixing by Race/Ethnicity
For each racial/ethnic group, the percentage of persons linked to other persons of the same 
race/ethnicity was higher than the percentage of persons included in this analysis of that 
race/ethnicity. Of whites in the transmission network, 62% were linked to other whites, 20% 
to Hispanics/Latinos, and 12% to blacks (Figure 2a). Of blacks, 81% were linked to other 
blacks, and only 9% to whites and 8% to Hispanics/Latinos. Of Hispanics/Latinos, 52% 
were linked to other Hispanics/Latinos, 28% to whites, and 15% to blacks. Asians, Native 
Hawaiians, and other Pacific Islanders were more commonly linked to whites (40%) and to 
Hispanics/Latinos (29%) than to other Asians, Native Hawaiians, and other Pacific Islanders 
(17%).
Mixing by Transmission Category
Of MSM, 92% were linked to other MSM or MSM who inject drugs (Figure 2b). MSM who 
inject drugs were more commonly linked to MSM (76%) than to other MSM who inject 
drugs (12%) or male PWID (2%) or female PWID (1%). Male PWID were commonly 
linked to MSM (49%), female heterosexuals (25%), and other male PWID (8%) or female 
PWID (9%). Male heterosexuals were most commonly linked to female heterosexuals (49%) 
and MSM (34%). Approximately one-third of both female PWID and female heterosexuals 
were linked to other female heterosexuals. Female PWID were commonly linked to MSM 
(27%), male PWID (10%) and female PWID (14%), and female heterosexuals were 
commonly linked to MSM (29%) and male heterosexuals (21%). Few female heterosexuals 
were linked to male PWID (6%) or female PWID (6%).
We further examined links between MSM and heterosexual women. Overall, 4% of MSM 
were linked to a heterosexual woman (Table 2). However, this percentage varied 
significantly by age; MSM aged 50 years or older had the highest percentage (8%) linked to 
a heterosexual woman. We also identified significant differences in the percentage of MSM 
who were linked to heterosexual women by race/ethnicity: the percentage linked to 
heterosexual women was lowest for whites (2%) and highest for blacks (7%). Further, there 
were significant geographic differences; a lower percentage of MSM in metropolitan 
statistical areas (4%) than in smaller metropolitan areas (6%) or nonmetropolitan areas (7%) 
were linked to heterosexual women. Finally, a higher percentage of MSM in the Midwest 
(6%) and South (6%) than the Northeast (2%) and West (2%) were linked to heterosexual 
women.
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Although only 4% of MSM were linked to a heterosexual women, these links represented 
29% of links among heterosexual women. This percentage varied significantly by race/
ethnicity, and was lower among black (25%) than among white (39%) and Hispanic/Latino 
(37%) women (Table 2). The percentage of heterosexual women who were linked to MSM 
also varied significantly by region; a higher percentage of women in the West (52%) were 
linked to MSM than among those in the Midwest (36%), Northeast (24%), or South (24%). 
The percentage linking to MSM did not vary by age or population of area of residence.
Persons with Multiple Potential Transmission Links
Overall, 10% of persons included in our analysis had ≥4 links in the network (Table 1). The 
percentage of persons with ≥4 links was higher for persons aged 13–19 years (21%) and 20–
29 years (15%), whites (13%), MSM (14%), persons living in metropolitan statistical areas 
(10%), and persons born in the United States or with unknown country of birth (both 10%). 
All of these associations were statistically significant in multivariable analysis. Persons with 
≥4 links represented only 31% of persons with any links but were involved in 26,378 (80%) 
of the 29,493 links.
Sensitivity Analyses
Sensitivity analyses indicate that these results are generally robust to assumptions regarding 
genetic distance and inclusion of codons associated with drug resistance (see Table, 
Supplemental Digital Content 1, which shows key results under various assumptions). As 
expected, the absolute number of clusters and links varied depending on the TN93 threshold 
selected and whether sites associated with drug resistance mutations were excluded; 
however, none of our major findings were sensitive to these changes in threshold.
Discussion
This analysis represents the first use of U.S. National HIV Surveillance System data to infer 
an HIV transmission network. Our analysis of mixing by transmission category yields 
important new insights into HIV transmission among various populations. Not surprisingly, 
MSM are disproportionately connected in the network, and the majority of MSM were 
linked to other MSM [13]. MSM who inject drugs were more commonly linked to MSM 
who did not inject drugs than to other MSM who inject drugs or to PWID, suggesting that 
transmission among MSM who inject drugs may be more commonly sexual than parenteral. 
Interestingly, other risk groups, including PWID and both male and female heterosexuals, 
were also commonly connected to MSM. As a result, interventions that reduce transmissions 
involving MSM are likely to reduce HIV acquisition among other risk groups as well.
Our results suggest that HIV infection among heterosexual women likely originates from 
two predominant sources. First, a large proportion of this group’s links were to MSM (29% 
of all links, or approximately half of non-female links). Although few MSM were linked to 
women, suggesting that a minority of MSM are involved in transmission with heterosexual 
women, these transmissions represent a substantial proportion of HIV acquisitions among 
heterosexual women. However, we also found that many heterosexual women were linked to 
heterosexual men (21% of all links, or approximately one third of non-female links). 
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Although we are not able to establish directionality of transmission from these data, 
evidence indicates that vaginal and anal transmission more commonly occur from males to 
females, and we can infer that the majority of these links likely represent transmissions from 
males to females. Interestingly, although a larger percentage of black MSM than MSM of 
other races and ethnicities were linked to heterosexual women, fewer black heterosexual 
women than other heterosexual women were linked to MSM. This finding provides 
particular support for ongoing heterosexual transmission among blacks and indicates that 
black women are at risk for HIV infection through multiple routes.
Certain groups of MSM were more likely to link to women. Consistent with a prior analysis 
of HIV sequence data from Mississippi, older MSM were more likely to link to heterosexual 
women [13]. This finding may be due to a generational change in attitudes toward 
homosexuality, as has been found in population-based data [21], and resultant decreases in 
bisexual behavior among younger generations of MSM for whom homosexuality is more 
widely accepted. Moreover, MSM in smaller metropolitan and nonmetropolitan areas and 
those in the South and Midwest were more likely to link to heterosexual women, which may 
suggest that they are more likely to engage in bisexual behavior than MSM in large 
metropolitan areas and MSM in the Northeast and West, respectively; a previous study found 
that MSM in smaller metropolitan and nonmetropolitan areas were far less likely to identify 
as gay [22].
We found a large number of links between women and other women. Although female-to-
female HIV transmission has been documented [23], it is likely that the vast majority of the 
links between women represent indirect connections, due to missing sequences from one or 
more intermediate partners. Additional work is needed to examine whether we are able to 
determine the likely risk characteristics of these missing links. Expansion of our molecular 
HIV surveillance efforts, from 11 jurisdictions (representing 43% of new HIV diagnoses in 
the United States) in 2008–2012 to 27 jurisdictions (representing 72% of new HIV 
diagnoses) in 2013–2017 and continued improvements in completeness of molecular 
surveillance data will improve our ability to characterize the transmission network.
Assortative mixing in HIV transmission was present for all racial/ethnic groups. Notably, the 
vast majority (81%) of blacks were linked to other blacks. This type of assortative mixing, 
which has also been found in molecular analyses in Mississippi and in a 5-site study [13, 
14], suggests that the majority of HIV transmissions involving blacks occur with other 
blacks and provides additional support for network level factors as an important cause of 
disparities in HIV infection among blacks in the United States [24]. Furthermore, prevention 
approaches that successfully reach HIV-infected blacks have the potential to reduce HIV 
incidence among HIV-negative blacks, whereas prevention delivered to other racial/ethnic 
groups is unlikely to have a substantial impact on incidence among blacks.
We also found evidence of assortative mixing among other racial/ethnic groups, as the 
percentage of potential transmission partners that were of the same race/ethnicity was at 
least twice what would be expected (based on the race/ethnicity of those in the network) for 
whites and Hispanics/Latinos and more than 8 times what would be expected for Asians, 
Native Hawaiians and other Pacific Islanders. Nevertheless, the extent of racial/ethnic 
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mixing suggests that HIV transmission commonly occurs between these populations and that 
efforts to disrupt acquisition among any one of these groups must be delivered broadly.
We found that MSM and young persons (aged 13–29 years) more commonly had multiple 
potential transmission partners, suggesting that they are disproportionately involved in 
clusters associated with HIV transmission. These findings corroborate other analyses 
demonstrating high HIV incidence among these groups [25] and suggest that strategies that 
prioritize MSM and young persons are likely to be most effective in preventing spread of 
HIV. A prior study has shown that using network characteristics to target prevention efforts 
can be very effective at reducing transmission [7].
Limitations
Our analysis may be affected by selection/sampling bias due to a limited number of areas 
being funded for collection of HIV-1 sequences and differences in completeness of the data 
by site and by other characteristics. As we expand the number of participating areas and the 
completeness of data, we expect this potential bias will diminish. Further, transmission 
category is based on self-reported data, and failure to report certain HIV risk behaviors could 
affect inferences about routes of transmission. When missing, transmission category was 
imputed, which could affect our estimates; however, imputation was only required for 15% 
of persons.
We have identified potential transmission partners, but we cannot definitively draw a link 
between any two persons or assess directionality of transmission. However, although the 
links we identify may not be direct, we can still draw conclusions from a large number of 
potentially indirect links. Moreover, because our sequence results are from bulk sequencing, 
in which multiple strains are sequenced simultaneously, we may have missed some potential 
connections.
Finally, these are national results, and findings might be different when examined at the 
regional or jurisdictional level, or when further stratified by demographic or risk 
characteristics. In the near future, we plan to conduct more granular analyses to understand 
how these data can be useful at the local level.
Conclusion
Molecular surveillance and epidemiology offer tools to understand HIV transmission 
dynamics. These analyses provide a more nuanced picture of how HIV spreads between 
populations in the United States, and we anticipate being able to make even stronger 
inferences as the reach and coverage of molecular HIV surveillance continues to improve. In 
the meantime, these data can be used to target and tailor prevention interventions with the 
ultimate goal of reducing HIV incidence.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Jurisdictions participating in collection of HIV-1 nucleotide sequence data, 2001–2012. 
Jurisdictions shaded in gray have participated in collection of nucleotide sequence data.
Oster et al. Page 11














Depiction of various terms used to describe the transmission network.
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(a) Race/ethnicity and (b) transmission category of potential transmission partners. These 
figures show, for persons in the transmission network of a given (a) race/ethnicity or (b) 
transmission category, the (a) race/ethnicity or (b) transmission category of their potential 
transmission partners. MSM: men who have sex with men; PWID: persons who inject drugs; 
NHOPI: Native Hawaiian or Other Pacific Islander.
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